Multiscale structures near the line-shaped precipitation systems observed around Osaka Bay on July 2 and 5 2006, were analyzed using observational data and a numerical model. In both cases, a cold front extending from a meso-a-scale cyclone in the Sea of Japan moved eastward over central Japan, and just before its passage a mesob-scale low (named ''Tokushima small low'') was formed over the eastern part of Shikoku Island in the warm sector of the meso-a-scale cyclone. On the eastern side of Tokushima small low, the southwesterly below 900-hPa level was intensified (@15 m s À1 ) in the warm sector, and it converged with westerly on the western (cold) side of the cold front. Clockwise rotating vertical shear was produced between this southwesterly and the Baiu jet (20-30 m s À1 ) around 700-hPa level. The stability over Osaka Bay decreased in warm-moist air transported by the southwesterly (equivalent potential temperature > 345 K at 950-hPa level and < 335 K at 600-hPa level). In addition, meso-g-scale lee waves were generated by the westerly on the western side of the cold front flowing over the mountains (Awaji Island and Rokko Mountains) surrounding Osaka Bay, and they triggered the development of the line-shaped precipitation system around Osaka Bay. A Tokushima small low was generated in four cases from among 15 cases of meso-a-scale cold fronts that passed in
Introduction
Convective systems appearing in Japan during the Baiu season (i.e., the period from early June to the middle of July) have multiscale structures (Ninomiya and Akiyama 1974; Ninomiya 1978; Ninomiya and Shibagaki 2007) . Among them, mesoscale convective systems with line-shaped structures often generate heavy rainfall (Ogura 1991) . In general, such line-shaped precipitation systems are organized into a meso-a-scale (200-2000 km horizontal scale) disturbance such as stationary and cold fronts (Tatehira and Fukatsu 1963; Hobbs et al. 1980; Matejka et al. 1980) . However, the development of line-shaped convective systems occurs in limited areas within a meso-a-scale system, because these systems are strongly influenced by orography. On the one hand, several authors pointed out the importance of orographic wave disturbances that cause line-shaped precipitation systems with rainfall exceeding 150 mm day À1 around Kyushu, called Koshikijima and Nagasaki lines, when an intense southerly or southwesterly from the tropics in the lower layer with a height of about 1 km is maintained for 12 h by meso-a-scale systems (Kato et al. 2003; Tashiro 2004; Umemoto et al. 2004; Kato 2005) . On the other hand, several authors pointed out that such a line-shaped convective system develops around a meso-b-scale (20-200 km horizontal scale) low. Yamakawa (1980) showed that a cyclonic circulation in the lowest layer associated with a meso-bscale thermal low transported warm and moist air to thunderstorms near a cold front passing over central Japan. Sakakibara (1983) also showed that the precipitation systems were developed by warm southerly in meso-b-scale lows generated by orography in Kanto District. The intensified warm southerly winds were responsible for intense convections near the surface fronts.
In Kinki District of central Japan (see Fig. 1 ), line-shaped precipitation systems (width A 20 km, length A 100 km) are sometimes formed and developed around Osaka Bay. Shibagaki et al. (2000) analyzed a hierarchical structure of meso-b-and mesog-scale cloud systems in the meso-a-scale cyclone during Baiu season using middle and upper atmosphere (MU) radar and meteorological radars. Seko and Nakamura (2003) investigated meso-b-scale line-shaped precipitation system in mid-latitudes using numerical models. They found that the backbuilding and back-and-side-building types of precipitation systems often caused heavy rainfall in addition to the squall line and back building types. Higashi and Fujii (2004) observed a line-shaped precipitation system with severe rainfall near Kyoto in 1998, and studied its relationship with a surface cold front. Seko et al. (2006) investigated the structure and moving speed of the line-shaped band observed on April 8 2003, over the Osaka Plain using numerical models. Higashi and Fujii (2008) showed that the precipitation bands formed around Osaka Bay only during three of 22 cold front passages in 1999, but they could not show a meso-b-scale situation which may be related to the organization of the line-shaped precipitation system in Kinki district. The reason the line-shaped precipitation systems formed and intensified around Osaka Bay was not su‰ciently explained in the abovementioned studies. On July 2 and 5 2006, line-shaped precipitation systems were observed around Osaka Bay during the passage of cold fronts near meso-a-scale cyclones. In each case, a stationary meso-b-scale low over Shikoku Island was simultaneously with present the approach of a cold front. Recently, the use of mesoscale objective analysis (MANAL) data, wind profiler data, and high resolution non-hydrostatic numerical models has come available in addition to the data from weather maps, radar data, and automated meteorological data-acquisition system (AMeDAS) used in previous studies. In this paper, we investigate the meso-b-, and meso-g-scale (2-20 km spatial scale) conditions around the lineshaped precipitation system around Kinki district using these observations and numerical model. The purpose of this paper is to reveal the mechanism of the formation and development of the precipitation systems related to the behavior of environmental winds associated with meso-a-and meso-b-scale lows. Section 2 describes the observations and model used in this study. Section 3 presents a climatological description of 15 cold front passages observed around Osaka Bay in July from 2003 to 2007, case studies for July 2 and July 5 2006, and numerical simulations of the two cases. Section 4 discusses the role of a meso-a-scale front, formation of a meso-b-scale low and meso-g-scale orography. Section 5 presents the study conclusions.
Observational data and numerical model
Data from weather maps, MANAL data, meteorological radar data, wind profiler data, rawinsonde data, AMeDAS data, and a mesoscale model (MM5V3) were used in this study. Weather maps are useful for illustrating synoptic scale weather systems, but cannot resolve meso-b-scale conditions. Therefore, we used MANAL data to investigate the meso-b-scale convective system. Wind profiler data observed at high temporal and spatial resolution, and rawinsonde data observed directly in the upper air were used, because the meteorological data cannot always be obtained in a mesoscale mesh when the line-shaped precipitation system is organized around Osaka Bay. It is di‰cult to analyze the meso-g-scale convective system from observation data, because these data do not su‰ciently resolve the meso-g-scale weather system. In this study, a mesoscale model was used to investigate the meso-g-scale convective system.
Weather maps
Weather maps at surface and 850-and 500-hPa levels, provided by the Japan Meteorological Agency (JMA) were used. The surface weather maps are provided four times a day (at 0300, 0900, 1500 and 2100 JST, where JST ¼ UTC þ 9 h), and the other weather maps are provided twice a day (at 0900 and 2100 JST).
Mesoscale objective analysis data
The time interval is 6 h (0300, 0900, 1500 and 1800 JST) before March 2006, and 3 h (0000, 0300, 0600, 0900, 1200, 1500, 1800 and 2100 JST) subsequently. The horizontal resolution is 10 km. The vertical resolution is 20 layers (1000, 950, 925, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 hPa) for zonal wind, meridional wind and temperature, and 11 layers (up to 300-hPa level) for relative humidity. Surface data of sea level pressure, zonal wind, meridional wind, temperature and relative humidity is also provided. Thus data was used to investigate meso-b-scale conditions.
Meteorological radar data
5.3 GHz meteorological radars are operated by the JMA. In this study, a constant-altitude plan position indicator (CAPPI) dataset at 2 km altitude was used to examine the horizontal distribution of precipitating clouds. The observational range is 300 km and the time interval 10 min. The horizontal resolution was 2.5 km before June 2006 and 1 km thereafter.
Wind profiler data
The JMA 1.3 GHz-band wind profiler data at the Takamatsu site (134.05 E, 34 .32 N, 9 m MSL) of the wind profiler network and data acquisition system (WINDAS) was used, because this data has high temporal (10 min) and height (150 m) resolutions, and the vertical observation range of wind measurement is 6-7 km in summer, and 3-4 km in winter, averaging 5.3 km year-round (Ishihara et al. 2006) . Therefore, detailed wind variation can be investigated around the line-shaped precipitation systems.
Intense rawinsonde observations
We conducted intense rawinsonde observations for two weeks during the Baiu season (June 26-July 7 2006 
Mesoscale model
In addition to the MANAL and wind profiler data, we used a numerical model to investigate and discuss meso-g-scale conditions. The mesoscale model called MM5V3 developed by Pennsylvania State University (PSU) and the US National Center for Atmospheric Research (NCAR) (Grell et al. 1994 ) was used to complement the observations. MM5 is a non-hydrostatic model, composed of two domains with a two-way nesting: Domains 1 and 2 have horizontal resolutions of 6 and 2 km, respectively, as shown in Fig. 1 .
In this study, the cloud and precipitation processes were represented by the Reisner microphysical parameterization (Reisner et al. 1998) , which predicts the mixing ratio of cloud water and ice crystals, as well as the rain, the graupel, snow water mixing ratios, and number concentrations. Turbulent fluxes in the planetary boundary layer were parameterized utilizing a medium-range forecasting (MRF) scheme (Hong and Pan 1996) . Radiative processes in the free atmosphere were parameterized using a scheme incorporating the e¤ects of modeled clouds. The Kain-Fritsch cumulus parameterization (Kain and Fritsch 1990 ) was used in Domain 1, to determine updraft/downdraft properties and detrainment between cloud and precipitation in addition to vapor. Domain 1 consisted of 151 Â 151 grid points, Domain 2, 181 Â 181 centered at 34.0 N, 134.0 E. 48 unevenly spaced sigma levels were used, of which, the finest resolution was located near the surface. The model top was set at the constant 100-hPa pressure level. Domains 1 and 2 used, respectively, 2 0 -and 30 00 -averaged terrain, vegetation/land-use, and land-water mask datasets produced by the US Geological Survey. The MANAL data (see Subsection 2.2) were used as the initial and boundary conditions for the model atmosphere of Domain 1. The integral time was 12 h in Domain 1, and 9 h in Domain 2. The time step was 18 s and we used analysis nudging (wind, temperature, and mixing ratio) in Domain 1. Daily sea surface temperatures were obtained from the National Centers for Environmental Prediction (NCEP). All this data was interpolated to the MM5 model grid using the standard preprocessing programs provided by NCAR.
Results

Cold front passage and meso-a-scale features
We investigated the cold front passage and mesoa-scale features in Kinki district during [2003] [2004] [2005] [2006] [2007] , because abundant data were available after 2003, such as the MANAL and wind profiler. In the years 2003-2007, 99 cold fronts passed over Osaka Bay. The passages were frequent in March (11 times), April (14 times), May (13 times), and July (15 times), whereas there were fewer than six passages per month in January, February, August, October and November. This feature coincided with a preliminary study for one year of 1999 (Higashi and Fujii 2008) . On the basis of this climatological feature, the cases in the cold front of July from 2003 to 2007 were selected as the subject of detailed analysis, because the passages were most frequent. In addition, heavy rainfall systems appear in this month (Baiu season) and many analyses were performed in this month. In all the 15 cases, there was a meso-a-scale cyclone accompanying the cold front over the Sea of Japan, and a cold front appeared near the Japan Islands. However, in the passage of cold front, line-shaped precipitation systems (width: 10-20 km, length > 100 km, and precipitation intensity > 30 mm h À1 ) extending from northeast to southwest were found around Osaka Bay in two cases only, on July 2 and 5 2006, as shown in Fig. 2 . On July 2, the cold front approached to Kinki District at 0900 JST, although the intense precipitation area was not confirmed around Osaka Bay at the time. A line-shaped precipitation system with precipitation intensity exceeding 30 mm h À1 appeared in the northeastern side of Osaka Bay at 0940 JST, and maintained until 1100 JST. The precipitation system moved gradually southeastward from 0940 JST to 1100 JST. On July 5, an area of rainfall exceeding 30 mm h À1 was formed at 2140 JST around Osaka Bay, and maintained until 2240 JST. A weak precipitation area (precipitation intensity < 30 mm h À1 ) appeared in front of the cold front at 2100 JST, and the precipitation area gradually organized from 2140 JST. The intense precipitation area was seen around Osaka Bay from 2140 to 2300 JST, and this area gradually moved towards east. Figure 3 shows weather maps at 0900 JST on July 2 and 2100 JST on July 5. There were some common features in both the two cases. At the surface level, a meso-a-scale occluding cyclone with a central pressure of 996 hPa (38 N, 134 E shown in Fig. 3a and 37 N, 136 E shown in Fig.  3d ) existed over the Sea of Japan. A cold front extending from the occluded point was located over Kinki district. The trough was located along 134 E at 850-hPa level, and it was located along 130 E with a temperature trough at 500-hPa level on July 2. On July 5, 850-hPa level trough existed along 134 E and, a 500-hPa level trough was located along 133 E. Horizontal wind shear was seen around this trough, and there were strong southwesterlies on the eastern side of the trough at 850-and 500-hPa levels. At this time, the trough was located in the western side of Kinki district, where the west-southwesterly (Baiu jet) speed was 20-30 m s À1 . As shown in Fig. 4 , the trough was clearly seen at 700-hPa level in MANAL, and the line-shaped precipitation system appeared when the trough approached Kinki district. Both troughs were located towards the west of the surface lows, and Kinki district was covered with warm air area. These troughs moved eastward gradually. The geopotential height line was dense over the western part of Japan, and it was located in the strong westerly wind zone. From Fig. 5 , we find that the equivalent potential temperature (y e ) was higher (>345 K) at the 950-hPa level around the southern side of the precipitation band, and was lower (<335 K) at the 600-hPa level around the northwestern edge of the high y e area in MANAL. The lowest atmosphere conditions around Osaka Bay from 34.0 N to 34.8 N along 135.2 E was strongly conditionally unstable (see Fig. 6 ). At 2100 JST on July 5 (Fig. 6b) , a neutral stratification region was extended vertically up to 500-hPa level Weather maps of the surface, 850-and 500-hPa levels at 0900 JST on July 2 (left panels) and 2100 JST on 5 July (right panels). In the 850-and 500-hPa level weather maps, solid and dashed lines indicate the geopotential height (m) and temperature ( C), respectively. In 850-hPa level, the dotted area is the wet area (T À T d a 3 C).
from 34.0 N to 34.5 N, because the convection had already started at the time.
3.2 Meso-b-scale low (''Tokushima small low'') Figure 7 shows the time series of the sea level pressure at JMA Tokushima and Himeji observation sites. The pressure gradually decreased until 0600 JST (decreasing 2.4 hPa from 0100 to 0600 JST) and minimized from 0600 to 0700 JST (1003.8 hPa) on July 2 at Tokushima. The pressure at Tokushima was lower than that at Himeji from 0400 to 0900 JST. On July 5, the pressure decreased from 1200 to 1700 JST (decreasing 1.5 hPa) and minimized at 1700 JST (996.5 hPa) at Tokushima. After 1200 JST, the rate of decrease of pressure at Tokushima was larger than that at Himeji. From some AMeDAS sites in Tokushima prefecture, a weak precipitation (less than 5 mm h À1 according to some AMeDAS sites in Tokushima prefecture) was observed from 0700 to 0900 JST. In Figs. 5b, d , a meso-b-scale low is found near Tokushima over the eastern part of Shikoku Island for the two cases of July 2 and 5. Hereafter, this meso-b-scale low is named ''Tokushima small low''. A strong southwesterly appeared to the east of the low, where y e was high (>345 K) at the 950-hPa level. This feature suggests that the southwesterly intensified by the Tokushima small low played an important role in transporting warm and moist air mass from the south to the line-shaped precipitation system. Figure 8 shows the temporal and spatial distributions of the 3-hourly pressure and horizontal wind at surface level on July 2 and 5. From this figure, the lifetime of the Tokushima small low was estimated to be about 6 h (from 0600 to 1200 JST on July 2, between 1800 and 0000 JST on July 5). On July 2, a small low with a pressure of 1003 hPa appeared to eastern part of Shikoku Island at 0600 JST. This low passed over Tokushima site from 0600 to 0900 JST. The pressure variation coincided with the sea level pressure shown in Fig. 7 . At 1200 JST, the low existed to the south of the Tokushima observatory. On July 5, a low pressure area appeared to the east of Shikoku Island from 1500 to 1800 JST. The low pressure was 997 hPa, and the cyclonic wind appeared there. The center of the small The left panels shows the data obtained on July 2 from 0300 to 0900 JST, the right panels are July 5 from 1500 to 2100 JST. Tokushima small low is indicated by symbol L. The dashed lines indicate the meso-scale wave. low existed to the south of the Tokushima observatory at 2100 JST. This pressure variation also coincided with the observed sea level pressure at the Tokushima site. Meso-b-scale wave-like disturbances with a horizontal wavelength of about 200 km (dashed line in Fig. 8) were also found in the pressure field from Shikoku Island to Kii Peninsula. The meso-b-scale waves were generated before the Tokushima small low appeared. Their amplitude increased as the Tokushima small low developed. As a result, the southwesterly wind intensified over Kii Channel.
In July, during the five years surveyed in the previous subsection, the Tokushima small low formed four times in the MANAL data (July 12 2005, and July 2, 5 and 21 2006). In all four cases, the Tokushima small low was stagnant for several hours, and had a central pressure about 1 hPa lower than the surrounding pressure field. These four cases were included in the 15 cases involving the passage of cold fronts extending from meso-a-scale cyclones. A line-shaped precipitation system did not always form, even when a meso-a-scale cold front as well as a Tokushima small low exists around Kinki district.
3.3 Wind distribution near the line-shaped precipitation systems As mentioned in the previous subsections (see , on one hand, southwesterly at intruded with a speed of 10 to 15 m s À1 from the south into Osaka Bay below 900-hPa level at 0900 JST on July 2 and at 2100 JST on July 5. On the other hand, westerly was dominant over Seto Inland Sea, which is located to the west of Osaka Bay. As a result, convergence of these westerly and southwesterly appeared on the western (colder) side of the cold front passing over Osaka Bay, which might be suitable for developing convection such as the lineshaped precipitation system shown in Fig. 2 .
The westerly increased gradually with height up to the jet stream (20-30 m s À1 ) between 700-and 600-hPa levels. The southerly was relatively strong (10 m s À1 ) below 800-hPa level between 135 E and 136 E, and northerly (2-4 m s À1 ) appeared below 900-hPa level between 134 E and 135 E (not shown). These wind behaviors show that the horizontal wind field had strong vertical shear with upward clockwise rotation near the line-shaped precipitation systems.
At Takamatsu located to the west of the precipitation band, the wind profiler data (see Fig. 9 ) shows that the southwesterly below 1.5 km (about 850-hPa level) changed to westerly at around 0800 JST on 2 July and around 2000 JST on July 5, corresponding to the cold front. The wind direction rotated clockwise with height from southwesterly below 900-hPa level to westerly at higher levels, especially near the line-shaped precipitation system (34 -35 N), as shown in Fig. 5 . The hodograph of wind from a rawinsonde observation at Kobe is compared with the wind profiler observation at Takamatsu (see Fig. 10 ). Clear clockwise rotation was seen at heights less than 3 km at Kobe on the eastern (leeward) side of the westerly flow beyond the mountains of Awaji Island compared to Takamatsu on the western (windward) side. Clockwise rotation of the wind direction with height is also known as a feature of upward propagating internal internal-gravity waves (Yamanaka et al. 1996; Ogino et al. 1999) , although at this stage we cannot decide whether such gravity waves are a cause or a result of the line-shaped precipitation system.
In the four cases, the properties of the wind data for Ieshima AMeDAS site are investigated. The westerly component was seen in the vectorially averaged wind from 0900 to 1200 JST for three 
Detailed wind field by numerical simulations
The temporal changes in the horizontal distribution of the horizontal wind and the hourly-accumulated precipitation simulated by MM5 are shown in Fig. 11 . For the case of July 2, the simulation successfully reproduced the temporal/vertical changes of the horizontal wind observed at the Takamatsu wind profiler (Fig. 9a) and the line-shaped precipitation system observed as radar echo areas (Fig.  2a) . For the case of July 5, the simulation was successful, although the simulated rainfall area was slightly south of the actual observations (Fig. 2b) . Therefore, the line-shaped precipitation system can be investigated around Osaka Bay with these simulation data which have temporal and horizontal resolutions higher than those of MANAL data, particularly concerning the detailed wind field. As mentioned in the previous subsections, the westerly and southwesterly were dominant to the west and east of the cold front, respectively. This cold front may make a convergence of meso-a-or mesob-scale, but the sharp convergence zone seen in the results of the numerical model (Fig. 11) is clearly smaller than meso-b-scale. Therefore, it is noted that the meso-g-scale condition has an e¤ect on the formation of the line-shaped precipitation system. In the zonal-vertical cross sections of potential temperature (y), cloud water and zonal-vertical wind along 34.5 N for the cases of July 2 and 5 (Fig. 12) , the meso-g-scale mountain waves were found on the leeside of Awaji Island. The larger cloud water amount (more than 0.3 g kg À1 ) existed in the updraft areas of the windward side with the mountain waves in the leeside. Similar features are seen near another island (Shodo Island) to the west of Awaji Islands but the cloud water increased only 0.1-0.2 g kg À1 . This di¤erence is due to the moisture distribution which is shown clearly in the zonal-vertical cross sections of y e and the mixing ratio (Fig. 13) . The larger moisture on the eastern side is partly due to the eastward moving cold front, which appears as strong gradients of y e and the mixing ratio. The particularly large amount of moisture leeward of Awaji Island is due to water vapor transport by the southwesterly intensified by the Tokushima small low. At 0800 JST on 2 July, the lee wave is not seen east of Awaji Island. At 0830 JST on July 2, the lee wave was gradually generated between Shodo and Awaji Islands, and the moisture moves upward (over 1000 m height) after 0900 JST. The features on July 5 are similar on July 2. The moisture increases gradually towards the east of Awaji Island between 2000 and 2100 JST.
Discussions
On the basis of the observational evidence described in the previous section, line-shaped precipitation system that developed around Osaka Bay is considered the result of the following three processes. On the meso-a-scale, as suggested by some previous studies, conditional convective instability is induced near a cold front; on meso-b-scale, the instability is intensified by the low-level moist air (y e > 345 K below 950-hPa level) that is transported by the southwesterly to the east of the Tokushima small low, which we found in this study and on meso-g-scale, the convection is strongly triggered by the lee waves of the mountains on Awaji Island. In this section, we discuss these three conditions at di¤erent scales comparison then with previous studies and dynamical considerations.
Cold front and jet stream in the late Baiu
season It has been known that meso-a-scale cyclones develop in the Baiu frontal zone (Yoshizumi 1977) . Some troughs associated with the meso-a-scale cyclones incline eastward with increasing height, corresponding to a thermodynamic structure in which cold air exists east side of the trough in the lower atmosphere (below 800-hPa level). The low-level wind and horizontal temperature gradient in this case are weaker than with other troughs (as usual synoptic-scale cyclones) inclining westward with increasing height. The troughs in the present two cases that generated line-shaped precipitation systems late in the Baiu season inclined westward with increasing height, and showed relatively strong vertical wind shear and horizontal temperature gradient in the lower layer (see Fig. 3 ). These structures di¤er from the early Baiu season. Therefore, the line-shaped precipitation systems form easily in the late compared with the early Baiu season.
The low-level jet stream (Mohri 1956 , Ushijima 1969 , or Baiu jet (Kato et al. 2003) , appears around the Baiu front, particularly near the heavy rainfall areas (Ninomiya and Akiyama 1974) . The strong vertical wind shear is related to a horizontal temperature gradient near the front. It is also necessary for cumulus convection to develop (Beebe and Bates 1955) . In our cases, a zonal wind maximum was located between 700-and 600-hPa levels at 34.5 N. Another upper-tropospheric jet stream with a speed of 20-30 m s À1 existed over western Japan. The existence of the lower-level southerly (<900-hPa level) below the Baiu westerly jet (around 700-hPa level) over Osaka Bay produces a strong wind shear (rotating clockwise with height), which might be a suitable condition for generating the line-shaped precipitation system (Alexander and Young 1992; LeMone et al. 1998) .
As Ninomiya (1978) pointed out, the destabilization of the stratification over the heavy rainfall area is not caused by the cold air intrusion in the upper altitude aloft but mainly by the intrusion of the tropical air mass in the lower layer. Kato and Aranami (2005) showed that the NiigataFukushima and Fukui heavy rainfalls on Honshu Island in 2004 resulted from the intensification of the convective instability over the Baiu frontal zone, induced by the inflow of low-level (925-hPa level) humid air and middle-level (500-hPa level) dry warm air. Kato and Goda (2001) and Kato (2006) showed that in the case of heavy rainfall in Niigata and Fukuoka the convective instability was induced by the low-level (950-or 925-hPa levels) humid air (y e > 340 K) and the middle-level (600 or 500-hPa levels) dry air (y e < 330 K). In present cases, the middle-level (600-hPa level) low y e (<335 K) air was caused by dry air (<5 g kg À1 ) that was not colder than the surrounding atmosphere. This low y e and high y e air intruded by southwesterly at 10-15 m s À1 intensified by the Tokushima small low induced strong instability as mentioned in subsections 3.3-3.4. Yamakawa (1980) and Sakakibara (1983) showed that a small (meso-b-scale) low enhanced by surface (solar) heating to the west of the Kanto area below 500-hPa level intensified warm moist southerly/ southeasterly, which was weak (<15 m s À1 ) in the meso-a-scale field, and enhanced precipitation systems near a cold front by producing a large temperature gradient in the zone northeast of the low. In the present cases, we have found out the Tokushima small low with a diameter of about 200 km, which appeared during the passage of the cold front and remained stationary for about 6 h. However, concerning the origin of the Tokushima small low, surface heating by solar radiation does not seem to be important, because the low formed in the early morning or after sunset.
Formation of the Tokushima small low
Before the Tokushima small low appeared, stationary meso-b-scale wavy structures were also generated in a zone of dense isobar distribution along the southern coasts of Shikoku Island and Kii Peninsula (see Figs. 5, 6 ). Subsequently, the Tokushima small low appeared, and in front of a trough produced by these wavy structures, the pressure gradient became as strong as about 1 hPa/50 km, which corresponded to a geostrophic wind of about 19 m s À1 , although the actual wind was not exactly in geostrophic balance. To discuss the orographic e¤ect of Shikoku Mountains on the strong lowerlevel wind, and to investigate each layer of upstream air that was able to climb over the mountains, we calculated the local Froude number defined by
where
is Väisälä-Brunt frequency, g, gravitational acceleration, h, mountain height, and U, the environmental wind speed (Wang and Chen 2003) . In these cases, a strong wind appeared in the lower layer, and the wind was variable for each height. Therefore, we calculated this number at each height. Specifying U and N using the MANAL wind data averaged for 16 grid points near the southern coast of Shikoku Island (see Fig. 1) , we obtain Fr @ 1 for air parcels on the windward side of Shikoku Mountains for the four cases in which the Tokushima small low was generated (see Table  1 ). Therefore, it is critical whether air flow can rise over or go around the mountains, although the location of Tokushima small low seems similar to that of a cyclonic lee vortex in the right-hand side of the flow Rotunno 1989, 1990 ) for a somewhat smaller value of Fr.
E¤ect of lee waves
In subsections 3.3-3.4, we noticed the possible contribution of lee waves generated by Awaji Island. In this case, we have Fr @ 4 (>1), for U @ 15 m s À1 , N @ 10 À2 s À1 , and h @ 400 m, and the windward air may climb the mountains of Awaji Island and generate lee waves.
From Fig. 12 , the typical wavelength of the lee waves was 15-20 km, and their amplitude was 500 m. If we assume the linear theory, the critical (largest) horizontal wave number is given by the square root of the Scorer parameter (l 2 ):
We specify U @ 15 m s À1 for the averaged wind at 950-hPa level and N @ 10 À2 s À1 from Fig. 12 , and estimate the shortest wavelength to be 2p=l @ 9 km. Therefore the observed lee waves with 15-20 km wavelengths may be propagating vertically as internal gravity waves.
A conditionally unstable layer existed over Osaka Bay, and the lifting condensation level (LCL) computed from our rawinsonde observation data was located at around 950-hPa level. As the wave amplitude of the isentropic surface was 500 m, the air parcel reached the LCL easily. Therefore we consider that the lee waves triggered the clouds corresponding to the line-shaped precipitation systems over Osaka Bay.
Westerly (west-southwest, west and westnorthwest) winds were observed at Ieshima AMeDAS site on July 12 2005, and July 2, 5, and 21 2006. Westerlies exceeding 5 m s À1 appeared when the line-shaped precipitation system formation case (July 2 and 5 2006), and were sustained for more than 2 hours in these cases. However, the westerly is weak (less than 2 m s À1 ) in the other cases (July 12 2005 and July 21 2006). We consider that the line-shaped precipitation system formation cases clearly appear to the westerly and the lee waves were easily generated toward the east of Awaji Island.
Conclusions
On July 2 and 5 2006, line-shaped precipitation systems (rainfall intensity > 30 mm h À1 ) were formed around Osaka Bay. The width was 10-20 km, and the length was more than 100 km. They were maintained for 1 h with moving eastward. The following meso-b-and meso-g-scale features near the cold front associated with a meso-ascale cyclone (see Fig. 14) were demonstrated.
1. Meso-a-scale cold front: Convectively (conditionally) unstable stratification (y e > 345 K at 950-hPa level, and @335 K at 600-hPa level where moisture was less than 5 g kg À1 ) appeared near the cold front passing Osaka Bay. The line-shaped precipitation system was generated in a warm air in front of the cold front. It Table 1 . Local Froude number (Fr) of the windward air flowing toward the Shikoku Mountains for the four cases generating the Tokushima small low, computed in the hatched area shown in Fig. 1 was located in the convergence zone between the southwesterly from Kii Channel and the westerly on the western (cold) side of the cold front in the lower layer (below 900-hPa level). In the middle troposphere (@700-hPa level), strong westerly wind (20-30 m s À1 ) corresponding to Baiu jet was also dominant over the precipitation band. 2. Meso-b-scale low (''Tokushima small low''): As the cold front approached Kinki district, a stationary meso-b-scale was formed from Shikoku Island to Kii Peninsula. In a trough of the wave located in the eastern part of Shikoku Island, the Tokushima small low was generated, and was maintained for about 6 h. The origin of the Tokushima small low is not considered to be thermal, but to be hydrodynamic because of the Shikoku Mountains. The warm moist southerly wind over Kii Channel was intensified (about 15 m s À1 ) by the Tokushima small low in the lower layer (<900-hPa level), and this southerly and the westerly corresponding to Baiu jet produced vertical wind shear with clockwise rotation from the surface to 700-hPa level. These conditions are suitable for the development of the line-shaped precipitation system. 3. Meso-g-scale orographic e¤ect: The westerly on the western side of the cold front passed over the meso-g-scale mountain of Awaji Island, and caused lee waves. The meso-g-scale lee waves triggered active precipitation clouds in the conditionally unstable atmosphere produced by conditions 1 and 2.
All of these conditions must be satisfied for generate the line-shaped precipitation around Osaka Bay. Although 15 cold fronts passed over Osaka Bay in July during [2003] [2004] [2005] [2006] [2007] , the line-shaped precipitation system appeared only twice. The conditions in this case are more complex (in terms of meso-a, meso-b and meso-g-scale) than in the cases of heavy rainfall around Kyusyu Island. We plan to conduct similar observational studies for other areas, and to carry out numerical experiments excluding Shikoku and Awaji Islands.
